Introduction
The measurement of sea surface temperature (SST) is essential to understand and monitor global climate. Radiative, sensible, and latent heat fluxes are largely governed by SST, and these fluxes, in turn, drive the general atmospheric circulation and determine direct regression of observed brightness temperatures against buoy measurements (e.g., McClain et al. [1985] for AVHRR), or by regression of brightness temperatures calculated for a variety of SSTs and atmospheric states using a forward model (e.g., Zcivody et al. [1995] for ATSR). The relative merits of these approaches are discussed by Minnett [1990] . The attraction of the empirical approach is its use of real data, eliminating possible errors from deficiencies in forward modeling. However, the empirical data consist of area-average satellite observations matched, often loosely, in time and space to point in situ measurements. Moreover, the in situ measurements are of bulk SST, whereas the radiometer is sensitive to the radiation emitted from the uppermost -50 gm, well within the thermal skin layer. Thus, AVHRR bulk SST estimates include some random error from variability in the skin-bulk difference. The ATSR retrievals are of skin SST, since the radiometric temperature of the surface is specified in the forward model. An approach based on physical modeling allows the specification of representative conditions, avoiding the problems of obtaining sufficiently numerous and representative matchups.
On the other hand, it relies on having an accurate forward model. Thomas and Turner [1995] measured SST radiometrically from ships coincident with ATSR overpasses. Despite the significant effort involved, the combined number of coincidences obtained under clear skies was only 30. Moreover, the accuracy of the radiometric measurements (-•0.2 K) was comparable with the target accuracy of ATSR SSTs and therefore does not allow a stringent test. Nonetheless, Barton et al. were able to detect a relative bias of-0.4 K between SST retrievals made with and without the 3.7 gm channel, those derived without being cooler. A similar result was found by Mutlow et al. [1994] using 220 globally distributed quality-controlled buoy matchups. These interalgorithm biases imply the existence of absolute biases in at least some ATSR SST retrievals. Murray et al. [1998b] discuss more fully the spatial and temporal nature of biases in ATSR SST retrievals using different channels.
Validation of skin SST retrievals is difficult and costly. Barton et al. [1995] and
In the ATSR scheme, bias in the SST retrieved from clear-sky brightness temperatures can arise from use of an unrepresentative sample of atmospheric and surface states, or from inadequate modeling of the corresponding brightness temperatures. We find that biases in the original SST retrievals of Zdvody et al. [1995] arose by both these mechanisms. First, the eruption of Mount Pinatubo in the Philippines, shortly before the launch of ERS-1, rendered invalid the assumption of Zfivody et al. that the stratosphere could be characterized as aerosol free. This was the most significant cause of SST bias (up to -1.5 K) in the first year of the ERS-1 mission. Second, bias arose from inadequate parameterization of the water vapor continuum absorption in the 10-13 lam window region. This bias was smaller than that from stratospheric aerosol (up to -0.4 K) but would be present throughout the mission lifetime. Other factors (the modeled effect of wind speed on surface emissivity, the concentrations previously assumed for radiatively active gases, and the distribution of atmospheric states used) may have caused biases of less than 0.1 K. Note that ineffective cloud screening is a potential source of biased retrievals [e.g., Jones et al., 1996] which is not addressed in this paper.
In this paper, we establish that these interalgorithm biases present in early ATSR SSTs can be nearly eliminated. We present a straightforward, rigorous, and general method for designing SST retrievals which are negligibly biased by stratospheric aerosols; we use an updated parameterization of the water vapor continuum absorption, thereby reducing residual biases further; and we address the other minor factors listed above. As a result, biases between SSTs derived from real data with and without the 3.7 gm channel are reduced to -0.05 K, a remarkable degree of consistency. While this consistency is a strong indication that the retrievals are of high quality, it does not establish their absolute accuracy. A companion paper [Merchant and Harris, this issue] describes a validation exercise in which retrieved SSTs are compared with in situ measurements. This exercise confirms the ability of the new retrieval scheme to deal with stratospheric aerosol and high water vapor loading, and demonstrates that the retrievals are unbiased to
We proceed as follows. In section 2 we first describe the radiative transfer model (RTM) and the set of atmospheric and surface states we use to develop the SST retrieval scheme. Factors which may otherwise have lead to minor biases (<0.1 K) are dealt with here. Sections 3 and 4 describe our work on the more significant sources of SST bias. In section 3 we investigate the bias caused by stratospheric aerosols. The nature of such aerosols is described, and their effects on brightness temperatures succinctly characterized. This leads to a clear formulation of what is required for an SST retrieval scheme to be aerosol robust (i.e., to give retrievals unaffected by the aerosol) and the mathematical development of how this can be achieved. In section 4 we show that the water vapor continuum absorption in the 11 and 12 gm channels is better described by the updated parameterization. In section 6 we show that the retrieval coefficients we derive (presented in section 5) give highly consistent results when applied to measured brightness temperatures. We conclude in section 7 with a discussion of the results and future directions of research.
Radiative Transfer Modeling
Infrared retrievals of SST from satellite data are made using regions of the electromagnetic spectrum where the atmosphere is relatively transparent: around 3.7 [tm and 10 to 13 [tm. Even in these "window" regions, the brightness temperature of the radiation reaching the satellite sensor is typically lower by 1 to 10 K than would be the case were the atmosphere completely transparent. The temperature deficit is wavelength dependent. For a particular wavelength the deficit is dependent on the vertical distribution of water vapor (the main absorbing species in the window region) and the profiles of pressure and temperature in the atmosphere, that is, on the atmospheric state. The emissivity, and hence the relationship between SST and thermal emission, depends indi-rectly on the surface wind speed. The development of a retrieval scheme based on physical modeling therefore requires the ability to calculate ATSR brightness temperatures given a description of the state of the sea surface (skin temperature and wind speed) and the profile of temperature, humidity and pressure in the atmosphere. We use the line-by-line RTM previously employed by Zcivody et al. [ 1995] , with the following minor modifications.
1. The parameterization of sea surface emissivity against wind speed, formerly that of Masuda et al. [1988] , is now that of Watts et al. [1996] . The new emissivities are channel-integrated rather than midchannel values. More important, the emissivity is enhanced in the forward look direction at high wind speeds because the parameterization accounts for radiance emitted and then reflected by another facet of the rough sea surface into the look direction.
2. Instead of the previous assumption of specular reflection at the sea surface, downwelling radiance at the specular angle is multiplied by an "enhancement factor" (_>1.0) to find the corresponding upwelling reflected radiance. This accounts for the effects of double reflections and the anisotropy of downwelling radiance. The factor is essentially 1.0 for near-nadir and low wind speed cases. We modify the original parameterization of Watts et al. [ 1996] , which was in terms of surface-to-top-of-atmosphere transmission, and use instead the total column water vapor, as in fact, suggested by Watts et al. [ 1996] .
3. The concentration of carbon dioxide is set at 355 ppmv, as is more appropriate to 1991 [Watson et al., 1992] .
The extinction and absorption coefficients ((5e and (5a'
respectively) and asymmetry parameter g used for modeling the radiative effects of tropospheric and stratospheric aerosols are updated to correspond to the tabulated values in the radiative transfer code, MODTRAN3. A first-order approximation is adopted to account for aerosol scattering into the view direction, an effect previously neglected. In this approximation, an net extinction coefficient, (5ne t , is found by interpolating (se and (sa with respect to g: (snet = (se-((g + 1)/2)((se-(sa) ' Physically, this represents the fact that scattering by the aerosol out of the view direction is compensated by scattering into the view direction to a degree dependent on the asymmetry between forward and backward scattering. This approximation is very good for stratospheric aerosol, since the optical depths involved are small (<<0.1), and downwelling radiance is negligible. We also seek to improve on Ztivody et al. [ 1995] in terms of the range and representativeness of atmospheric profiles and surface states used. We select gridded initialized data from the European Centre for Medium-range Weather Forecasts (ECMWF) Re-Analysis (ERA) project for 4 months (October 1991, January 1992, April 1992, and August 1992) for each of four dates and times (1 st of the month at 0000 hours, 7th at 1200, 15th at 0600 and 23rd at 1800). At each oceanic point on the latitude-longitude grid we use the following data to specify the state: skin temperature, sea level pressure, 10-m wind speed, 2-m air temperature and dew-point, and profile of temperature and relative humidity at each of the 16 pressure levels between 1000 and 10 hPa. The ERA 2.5 o grid is further subsampled to a basic interval of 15 ø but using greater intervals of longitude at high latitudes to approximate equal area weighting. Since ATSR measures SST under clear skies only, we exclude states which are nominally cloudy by requiring that the relative humidity be <95% tbr all levels. States are also excluded if the skin temperature is < 271.35 K, representing ice cover on the sea surface. The resulting data set consists of 1358 states. All oceanic regions, seasons, and synoptic times are represented, with the associated variations in all variables, including air-sea temperature difference and wind speed, accounted for. The distributions of SST, clear-sky total precipitable water (TPW) and air-sea temperature difference (ASTD) in the data set are shown in Figure 1 . The distribution of SST is highly asymmetric, with a sharp cutoff at warm temperatures: the modal SST (-40% of states) is about 300 K, yet <4% of states have SSTs in excess of 302.5 K. The TPW distribution is much flatter, since a wide range of TPW is associated with higher SSTs, from wet profiles in the tropical warm pool region, to relatively dry profiles in regions of subsidence. Over 95% of ASTDs are in the range -4 to +2 K, which matches the range of ASTDs found in a study of 160 AVHRRbuoy matchups by May and Hoyler [ 1993] . More negative differences occur, particularly at high latitudes and coastal regions. The difference between the brightness temperature and SST for a particular channel and state vaiies principally with the amount of water vapor present and the difference in temperature between the sea surface and the absorbing constituents in the atmosphere. This is illustrated in Figure 1 (d) , where the average 11 gm nadir temperature deficits calculated for the data set are plotted as functions of ASTD and TPW. Increased water vapor in the atmosphere increases the deficit of the brightness temperature below the SST because of increased absorption. Cooler atmospheres (relative to the SST) are associated with increased temperature deficits because their atmospheric thermal emission is smaller.
By using ERA data, we depart from the previous practice of relying on radiosonde profiles. The clear advantage is that oceanic regions, which are sparsely sampled by radiosondes, are appropriately represented in the regression. However, Soden and Bretherton [1994] concluded that the ECMWF model is deficient in upper tropospheric humidity (UTH) in areas of strong convection and has excess UTH in regions of subsidence. UTH significantly affects the outgoing radiance in the 10-13 gm region [e.g. Minnett, 1986] . For the dual-view two-channel and dual-view three-channel coefficients derived in this paper, we find that changing the relative humidity between 5 and 12 km by -15% introduces biases of only -0.04 and -0.01 K, respectively, into the retrieved SSTs. The range of humidity in the ERA data seems sufficiently wide to render the retrievals fairly insensitive to possible biases. In any case, given the choice between radiosondes and reanalysis data, the difficulties radiosondes have in measuring UTH should be remembered [e.g. Soden and Lanzate; , Balagurov et al., 1998 Schmidlin, 1998 ]. Thus we may characterize stratospheric aerosols as broadly of three types: "fresh volcanic," typical of the plume shortly after the eruption, with a lifetime of the order of one month and whose distribution is relatively localized; "aged volcanic aerosol," which may disperse round the globe and has a lifetime of the order of 1 year; and "background aerosol," present many years after major eruptions. Differences in chemical composition and particle size distribution between these types give rise to distinct infrared radiative characteristics.
Eliminating Bias
Stratospheric aerosol interacts with upwelling terrestrial infrared radiation by absorption and scattering and also emits its own thermal radiation. Baran and Foot [ 1994] For the meaning of c and k, see main body of text. Here "3.7 n" indicates the term in k corresponding to the 3.7 gm channel nadir view, "3.7 f" to 3.7 g•n channel forward view, etc. deficits in the 3.7 and 11 gm channels are comparable, while that in the 12 gm channel is smaller by a/'actor of about 2. The fact that the temperature deficit is always greater in the 11 [tm channel than in the 12 gm channel differentiates the effect of stratospheric aerosol from that of water vapor, which depresses brightness temperatures more in the 12 gm channel than in the 11 gm channel. This is why volcanic aerosol has a large impact on traditional "split-window" retrievals [Brown e! al., 1997].
The effect of stratospheric aerosol on brightness temperature can be expressed algebraically as follows. Let the brightness temperatures observed or calculated in the absence of stratospheric aerosol be listed in a vector y. This vector may contain any desired combination of channels and look angles. Adding stratospheric aerosol changes the brightness temperatures from y to y + c•Sk. Here the vector k represents the mode of variation for the aerosol type in question, •5 is the aerosol optical depth (capturing the principal dependence of the temperature deficits), and c is nearly constant (it depends weakly on the upwelling radiance). Table 1 gives the values of k and c (the latter being a global average value), i.e., the algebraic expression of Figure 3. 
Effect of Stratospheric Aerosol on Retrieved SST
Retrieval of SST from a number of window-channel brightness temperatures is sufficiently linear to permit accurate retrieval using the equation 
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derived. This method successfully generated coefficients which are nearly robust to fresh and aged ¾olcanic aerosol, and which are adequate for use in SST monitoring for climate studies. (B97 made no attempt to cater for background aerosol ) It is, however, possible to obtain complete robustness (in a mathematical sense) by a method which is more ,rigorous, is simpler to implement, and which gives more insight into the nature of the problem, as we show in the next subsection.
Theory of Aerosol Robust SST Algorithms
Coefficients for a retrieval scheme based on physically modeled brightness temperatures are found by minimizing the mean square difference between the "true" SST and the "retrieved" SST given by (2), for a population of atmospheric and surface states and asso- 
As• = (K S yySxy (KTs yym) (K S yySxy ) (7)
The usefulness of aerosol-robust coefficients depends on As• being acceptably small. In general, As• increases (1) as the the number of aerosol modes in K increases, and (2) the more similar the aerosol modes are to 3y/ax, that is, to the mode of variation associated with changes in true SST. These effects can be seen in the evaluations of (7) in Table 3 . Two degrees of freedom are needed to retrieve SST in the absence of significant aerosol with a reasonable degree of atmospheric correction; this is the basis of the split window algorithm. Therefore dual 2 retrieval (using four brightness temperatures) with coefficients robust to all three aerosol types suffers an unacceptable increase in retrieval error variance. Such an algorithm can, however, be robust to one or two aerosol modes with only a modest increase in retrieval variance. Similarly, a single-view three-channel retrieval (in the nadir look direction) can be robust only to one type of aerosol without an unacceptable increase in variance. A single-3 algorithm robust to aged volcanic aerosol carries less of a penalty than one robust to background aerosol because the mode of the latter type is more similar to 3y/ax: either an increase in background aerosol loading or a decrease in SST reduces the brightness temperature most in the 3.7 gm nadir, and least in 12 gm nadir. Only dual-3 SST retrievals can be made robust to all three aerosol types without an excessive increase in retrieval error variance.
Guided by these considerations, we hereafter concentrate on developing dual-view retrieval schemes, for two and three spectral channels, which are robust to aged volcanic and background aerosol. The fresh volcanic aerosol mode can be neglected, first because it describes the aerosol present before ATSR commenced routine operation and, second, because the modes of variation associated with aged and fresh aerosol are similar; this was also noted in B97. (In tact, the bias introduced by 0.01 optical depth of tYesh volcanic aerosol into SSTs derived from coefficients robust to aged and background aerosol turns out to be <0.01 K.) Lastly, we note that a scheme which is simultaneously robust to two aerosol modes is also robust to any linear combination of those modes. The ratio of aerosol temperature deficit between forward and nadir views is approximately equal for all channels and modes ( Figure  3 ). It follows that the dual-2 scheme should be nearly robust for any stratospheric aerosol, since all will have an effect that can be approximately expressed as a linear combination of the aged and background modes. This is important given that volcanic aerosol is persistent for a few years, evolving from the aged to the background aerosol mode over this timescale. Choosing a scheme to be robust to two aerosol modes makes it less sensitive to errors in the specification of those modes. 
Water Vapor Continuum
Water vapor continuum absorption is the dominant absorption in the 10 to 13 gm window, and is also significant in the region of Assuming CKD_2.2 correctly models the water vapor continuum absorption, we can assess the bias caused by use of CKD_0 x 1.3 in the derivation of the Z95 and B97 retrieval coefficients. The approach is similar to that adopted to assess aerosol robustness for Table 2 . We calculate a TAy, where Ay is the difference in modeled brightness temperature from use of CKD_2.2 instead of CKD_0 x 1.3. Since water vapor bias will be most important in tropical regions, we calculate a mean value of Ay for profiles with TPW in the ranges 30 4-1 and 50 +_ 1 kg m -2, with the results listed in Table 4 for center of the ATSR swath. Table 4 Table 8 of Z95. The new dual-2 coefficients place greater weight on the difference between nadir and forward brightness temperatures, obtaining robustness to stratospheric aerosol by greater reliance on geometric rather than spectral differences in optical path length (see also Figure 3 ). There are broadly similar differences between the regional coefficients of Z95 and those of B97 (the latter being nearly robust to aged stratospheric aerosol). B97 did not give global coefficients, so direct comparison is precluded. Comparing the new CKD_2.2 dual-2 coefficients with Z95, the sum of absolute values reduces from 19.0 to 17.4, implying slightly less noise amplification. The new CKD_2.2 dual-2 coefficients are larger than those derived using CKD_0 x 1.3 because the newer continuum parameterization tends to make the atmospheric absorption for the 12 gm channel more similar to that in the 1 1 gm channel. Our dual-3 coefficients also differ from those of Z95, although the weights applied to the 3.7 gm nadir and forward channels are almost identical. It is difficult to interpret the relative weightings of the other channels.
Retrieval coefficients
We derive global coefficients designed to be robust to aged and background stratospheric aerosol by applying (6) to brightness temperatures calculated for the 1358 states using both the CKD_0 x 1.3 and CKD_2.2 formulations of water vapor continuum absorption. The coefficients are listed in Table 5 .
Although the new coefficients are similar in form to those of Z95 and B97, there are differences which can be related to the 6 Retrievals of sea surface temperature Consistency between dual-3 and dual-2 SST retrievals is a requirement of an ideal retrieval scheme. In this section therefore we use this requirement to appraise various ATSR SST retrieval schemes, including the new coefficients developed by incorporating the improvements we have described in previous sections. Validation of the absolute retrieval accuracy of our new algorithms is treated in our companion paper [Merchant and Harris, this issue]. Here "3.7 n" denotes the coefficient multiplying the 3.7 gm nadir brightness temperature, "3.7 f," the 3.7 gm forward brightness temperatur• coefficient, etc.
The ATSR Data Processing Group at the Rutherford Appleton Laboratory (UK) provided brightness temperature data for two months from the first year of the ATSR mission, covering September to October 18, 1991 and April 22 to May 26, 1992. These represent the first cycle of routine ATSR operation, and the last 35 days before the failure of the 3.7 gm channel. ERS-1 followed a 3-day repeat pattern during the former period (giving incomplete coverage) and a 35-day repeat cycle during the latter period (giving complete coverage). The data are averaged cloud-cleared brightness temperatures located on a 1/6ø latitude-longitude grid.
Since 3.7 gm channel brightness temperatures are not available from ATSR during the daytime, only nighttime data are used in this comparison. For each month, the utilized data amount to about 1.5 million sets of six spatially averaged brightness temperatures (ABTs) with associated temporal, spatial, and confidence data. The spatial data include the mean across-track distance of the nadir cloud-cleared brightness temperatures contributing to the ABT, This mean across-track distance is used in interpolating between the center and edge retrieval coefficients, as described by Harris and Saunders [ 1996] .
We apply various dual-3 and dual-2 SST retrieval schemes to these observed data. First is the prelaunch scheme (Z95), based on coefficients derived for three latitude regions and five across-track bands. Second is the aerosol robust average SST scheme of B97.
Third is the new global scheme introduced in section 5, based on the improved RTM and set of states (section 2), applying the. new technique for incorporating aerosol robustness (section 3) and using interpolation across track, but in one case retaining the con- In Table 6 , the bias and standard deviation of dual-2 minus dual-3 SST retrievals for the ABT data are shown for various retrieval schemes. All aerosol-robust schemes have considerably Prelaunch ( Despite the considerable progress presented in this paper, some issues remain to be resolved. A shift in the relative bias of dualview two-channel to dual-view three-channel SSTs of-0.08 K occurred between September-October 1991 and April-May 19')2. The origin of this shift in relative bias is under investigation. In most oceanographic contexts, it is a very small concern. In the context of using ATSR data in climate change detection, which requires stability of-0.1 K per decade, it is clearly significant. This illustrates the extremely demanding requirements for use of satellite data in climate change monitoring. Despite the unrivaled calibration and noise characteristics of ATSR and the detailed physical modeling presented in this paper, in the context of climate change detection, the residual trend in dual-view two-channel SST retrievals is unacceptable. Research into the elimination of artefactual trends in the ATSR SST record continues, and part of the remit of that research must be to examine how best to bring information from in situ measurements into the retrieval process to eliminate spurious trends, while retaining the advantages that a scheme based on physical modeling has over purely empirical methods.
Meanwhile, results of an exercise to compare retrievals with in situ measurements [Merchant and Harris, this issue] support the view that the new retrieval coefficients are indeed robust to the effects of the Pinatubo aerosol and deal with high water vapor loadings better than previous retrieval coefficients. The comparison exercise also raises avenues for further work. First, it suggests that further work on minimizing the effects of residual cloud contamination of brightness temperatures is required if dual-2 retrievals are to attain an accuracy of better than 0.3 K. Second, it suggests that a warm bias of 0.2 K is present in dual-3 retrievals, after taking account of skin-bulk temperature differences. Although this is a small bias, and could easily be corrected empirically (by adjusting the offset coefficient, a0), it would be preferable to understand its origin and correct it by improved physical modeling.
For clarity, we have restricted the results presented in this paper to dual-view retrievals, which are available only from the ATSR. Some comments are appropriate on the relevance of our work to single-view retrievals and AVHRR. First, we note that our calculations using (7) listed in Table 3 show that single-view three-channel SST retrievals can be rendered robust to aged volcanic aerosol with a modest increase in SST retrieval variance of the order of 0.12 K 2. The question of the biases in AVHRR (single-view) SSTs from the Pinatubo aerosol was addressed by Reynolds [1993] . Reynolds describes how changing the operational retrieval scheme after the manner of Walton [1985] reduced differences between satellite and in situ SSTs in September-October 1991 from -1.3 to -0.5 K. In principle, the method we have given could render such residual bias even smaller. Since single-view three-channel retrieval coefficients can be orthogonal to only one aerosol mode, however, this depends critically on that mode representing accurately the effect of the stratospheric aerosol. We developed a global single-view retrieval scheme which was nominally robust to aged volcanic aerosol for ATSR. When applied to the SeptemberOctober ABTs, the global bias with respect to the reference SST retrievals was -0.4 K. While this improves to -0.3 K if latitudedependent coefficients are used, attaining high degrees of aerosolrobustness is clearly more difficult for single-view observations. This is because more accurate knowledge of the aer9sol spectral properties is required. As noted by Walton [1985] and B97, singleview observations at 11 and 12 tim only cannot be made aerosol robust. The success of dual-view retrieval schemes is due to the forward-view components of the aerosol mode vector being related to the corresponding nadir-view components by optical path increases determined by geometry rather than the spectral properties of the absorber.
Lastly, we note that the reprocessing to SST of data from the ERS-1 ATSR mission by the Rutherford Appleton Laboratory is ongoing during 1999. New dual-view retrieval coefficients derived as described in this paper are being used for this reprocessing program, for both averaged and pixel-resolution SST products.
